IceCube Search for High-Energy Neutrino Emission from TeV Pulsar Wind
  Nebulae by Aartsen, M. G. et al.
Draft version March 30, 2020
Typeset using LATEX twocolumn style in AASTeX62
IceCube Search for High-Energy Neutrino Emission from TeV Pulsar Wind Nebulae
M. G. Aartsen,16 M. Ackermann,55 J. Adams,16 J. A. Aguilar,12 M. Ahlers,20 M. Ahrens,46 C. Alispach,26
K. Andeen,37 T. Anderson,52 I. Ansseau,12 G. Anton,24 C. Argu¨elles,14 J. Auffenberg,1 S. Axani,14
H. Bagherpour,16 X. Bai,43 A. Balagopal V.,29 A. Barbano,26 S. W. Barwick,28 B. Bastian,55 V. Baum,36
S. Baur,12 R. Bay,8 J. J. Beatty,18, 19 K.-H. Becker,54 J. Becker Tjus,11 S. BenZvi,45 D. Berley,17 E. Bernardini,55
D. Z. Besson,30 G. Binder,8, 9 D. Bindig,54 E. Blaufuss,17 S. Blot,55 C. Bohm,46 S. Bo¨ser,36 O. Botner,53
J. Bo¨ttcher,1 E. Bourbeau,20 J. Bourbeau,35 F. Bradascio,55 J. Braun,35 S. Bron,26 J. Brostean-Kaiser,55
A. Burgman,53 J. Buscher,1 R. S. Busse,38 T. Carver,26 C. Chen,6 E. Cheung,17 D. Chirkin,35 S. Choi,48
B. A. Clark,22 K. Clark,31 L. Classen,38 A. Coleman,39 G. H. Collin,14 J. M. Conrad,14 P. Coppin,13 P. Correa,13
D. F. Cowen,51, 52 R. Cross,45 P. Dave,6 C. De Clercq,13 J. J. DeLaunay,52 H. Dembinski,39 K. Deoskar,46
S. De Ridder,27 P. Desiati,35 K. D. de Vries,13 G. de Wasseige,13 M. de With,10 T. DeYoung,22 A. Diaz,14
J. C. D´ıaz-Ve´lez,35 H. Dujmovic,29 M. Dunkman,52 E. Dvorak,43 B. Eberhardt,35 T. Ehrhardt,36 P. Eller,52
R. Engel,29 P. A. Evenson,39 S. Fahey,35 A. R. Fazely,7 J. Felde,17 K. Filimonov,8 C. Finley,46 D. Fox,51
A. Franckowiak,55 E. Friedman,17 A. Fritz,36 T. K. Gaisser,39 J. Gallagher,34 E. Ganster,1 S. Garrappa,55
L. Gerhardt,9 K. Ghorbani,35 T. Glauch,25 T. Glu¨senkamp,24 A. Goldschmidt,9 J. G. Gonzalez,39 D. Grant,22
T. Gre´goire,52 Z. Griffith,35 S. Griswold,45 M. Gu¨nder,1 M. Gu¨ndu¨z,11 C. Haack,1 A. Hallgren,53 R. Halliday,22
L. Halve,1 F. Halzen,35 K. Hanson,35 A. Haungs,29 D. Hebecker,10 D. Heereman,12 P. Heix,1 K. Helbing,54
R. Hellauer,17 F. Henningsen,25 S. Hickford,54 J. Hignight,23 G. C. Hill,2 K. D. Hoffman,17 R. Hoffmann,54
T. Hoinka,21 B. Hokanson-Fasig,35 K. Hoshina,35 F. Huang,52 M. Huber,25 T. Huber,29, 55 K. Hultqvist,46
M. Hu¨nnefeld,21 R. Hussain,35 S. In,48 N. Iovine,12 A. Ishihara,15 M. Jansson,46 G. S. Japaridze,5 M. Jeong,48
K. Jero,35 B. J. P. Jones,4 F. Jonske,1 R. Joppe,1 D. Kang,29 W. Kang,48 A. Kappes,38 D. Kappesser,36 T. Karg,55
M. Karl,25 A. Karle,35 U. Katz,24 M. Kauer,35 M. Kellermann,1 J. L. Kelley,35 A. Kheirandish,52 J. Kim,48
T. Kintscher,55 J. Kiryluk,47 T. Kittler,24 S. R. Klein,8, 9 R. Koirala,39 H. Kolanoski,10 L. Ko¨pke,36 C. Kopper,22
S. Kopper,50 D. J. Koskinen,20 M. Kowalski,10, 55 K. Krings,25 G. Kru¨ckl,36 N. Kulacz,23 N. Kurahashi,42
A. Kyriacou,2 J. L. Lanfranchi,52 M. J. Larson,17 F. Lauber,54 J. P. Lazar,35 K. Leonard,35 A. Leszczyn´ska,29
Q. R. Liu,35 E. Lohfink,36 C. J. Lozano Mariscal,38 L. Lu,15 F. Lucarelli,26 A. Ludwig,32 J. Lu¨nemann,13
W. Luszczak,35 Y. Lyu,8, 9 W. Y. Ma,55 J. Madsen,44 G. Maggi,13 K. B. M. Mahn,22 Y. Makino,15 P. Mallik,1
K. Mallot,35 S. Mancina,35 I. C. Maris¸,12 R. Maruyama,40 K. Mase,15 R. Maunu,17 F. McNally,33 K. Meagher,35
M. Medici,20 A. Medina,19 M. Meier,21 S. Meighen-Berger,25 G. Merino,35 T. Meures,12 J. Micallef,22
D. Mockler,12 G. Momente´,36 T. Montaruli,26 R. W. Moore,23 R. Morse,35 M. Moulai,14 P. Muth,1 R. Nagai,15
U. Naumann,54 G. Neer,22 L. V. Nguyn,22 H. Niederhausen,25 M. U. Nisa,22 S. C. Nowicki,22 D. R. Nygren,9
A. Obertacke Pollmann,54 M. Oehler,29 A. Olivas,17 A. O’Murchadha,12 E. O’Sullivan,46 T. Palczewski,8, 9
H. Pandya,39 D. V. Pankova,52 N. Park,35 P. Peiffer,36 C. Pe´rez de los Heros,53 S. Philippen,1 D. Pieloth,21
S. Pieper,54 E. Pinat,12 A. Pizzuto,35 M. Plum,37 A. Porcelli,27 P. B. Price,8 G. T. Przybylski,9 C. Raab,12
A. Raissi,16 M. Rameez,20 L. Rauch,55 K. Rawlins,3 I. C. Rea,25 A. Rehman,39 R. Reimann,1 B. Relethford,42
M. Renschler,29 G. Renzi,12 E. Resconi,25 W. Rhode,21 M. Richman,42 S. Robertson,9 M. Rongen,1 C. Rott,48
T. Ruhe,21 D. Ryckbosch,27 D. Rysewyk Cantu,22 I. Safa,35 S. E. Sanchez Herrera,22 A. Sandrock,21
J. Sandroos,36 M. Santander,50 S. Sarkar,41 S. Sarkar,23 K. Satalecka,55 M. Schaufel,1 H. Schieler,29
P. Schlunder,21 T. Schmidt,17 A. Schneider,35 J. Schneider,24 F. G. Schro¨der,29, 39 L. Schumacher,1 S. Sclafani,42
D. Seckel,39 S. Seunarine,44 S. Shefali,1 M. Silva,35 R. Snihur,35 J. Soedingrekso,21 D. Soldin,39 M. Song,17
G. M. Spiczak,44 C. Spiering,55 J. Stachurska,55 M. Stamatikos,19 T. Stanev,39 R. Stein,55 J. Stettner,1
A. Steuer,36 T. Stezelberger,9 R. G. Stokstad,9 A. Sto¨ßl,15 N. L. Strotjohann,55 T. Stu¨rwald,1 T. Stuttard,20
G. W. Sullivan,17 I. Taboada,6 F. Tenholt,11 S. Ter-Antonyan,7 A. Terliuk,55 S. Tilav,39 K. Tollefson,22
L. Tomankova,11 C. To¨nnis,49 S. Toscano,12 D. Tosi,35 A. Trettin,55 M. Tselengidou,24 C. F. Tung,6
A. Turcati,25 R. Turcotte,29 C. F. Turley,52 B. Ty,35 E. Unger,53 M. A. Unland Elorrieta,38 M. Usner,55
J. Vandenbroucke,35 W. Van Driessche,27 D. van Eijk,35 N. van Eijndhoven,13 J. van Santen,55 S. Verpoest,27
M. Vraeghe,27 C. Walck,46 A. Wallace,2 M. Wallraff,1 N. Wandkowsky,35 T. B. Watson,4 C. Weaver,23
A. Weindl,29 M. J. Weiss,52 J. Weldert,36 C. Wendt,35 J. Werthebach,35 B. J. Whelan,2 N. Whitehorn,32
K. Wiebe,36 C. H. Wiebusch,1 L. Wille,35 D. R. Williams,50 L. Wills,42 M. Wolf,25 J. Wood,35 T. R. Wood,23
K. Woschnagg,8 G. Wrede,24 D. L. Xu,35 X. W. Xu,7 Y. Xu,47 J. P. Yanez,23 G. Yodh,28, ∗ S. Yoshida,15 T. Yuan,35
and M. Zo¨cklein1
IceCube Collaboration
analysis@icecube.wisc.edu
ar
X
iv
:2
00
3.
12
07
1v
1 
 [a
str
o-
ph
.H
E]
  2
6 M
ar 
20
20
2 IceCube Collaboration
1III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Department of Physics, University of Adelaide, Adelaide, 5005, Australia
3Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4Dept. of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
5CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
6School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
7Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
8Dept. of Physics, University of California, Berkeley, CA 94720, USA
9Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
10Institut fu¨r Physik, Humboldt-Universita¨t zu Berlin, D-12489 Berlin, Germany
11Fakulta¨t fu¨r Physik & Astronomie, Ruhr-Universita¨t Bochum, D-44780 Bochum, Germany
12Universite´ Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
13Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
14Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
15Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
16Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
17Dept. of Physics, University of Maryland, College Park, MD 20742, USA
18Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA
19Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
20Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
21Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany
22Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
23Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
24Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany
25Physik-department, Technische Universita¨t Mu¨nchen, D-85748 Garching, Germany
26De´partement de physique nucle´aire et corpusculaire, Universite´ de Gene`ve, CH-1211 Gene`ve, Switzerland
27Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
28Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA
29Karlsruhe Institute of Technology, Institut fu¨r Kernphysik, D-76021 Karlsruhe, Germany
30Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
31SNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, ON, Canada P3Y 1N2
32Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA
33Department of Physics, Mercer University, Macon, GA 31207-0001, USA
34Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
35Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin, Madison, WI 53706, USA
36Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
37Department of Physics, Marquette University, Milwaukee, WI, 53201, USA
38Institut fu¨r Kernphysik, Westfa¨lische Wilhelms-Universita¨t Mu¨nster, D-48149 Mu¨nster, Germany
39Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA
40Dept. of Physics, Yale University, New Haven, CT 06520, USA
41Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK
42Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
43Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA
44Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA
45Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
46Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
47Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
48Dept. of Physics, Sungkyunkwan University, Suwon 16419, Korea
49Institute of Basic Science, Sungkyunkwan University, Suwon 16419, Korea
50Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA
51Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
52Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA
53Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
54Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
55DESY, D-15738 Zeuthen, Germany
Search for Neutrino Emission from Pulsar Wind Nebulae 3
Submitted to ApJ
ABSTRACT
Pulsar wind nebulae (PWNe) are main gamma-ray emitters in the Galactic plane. They are diffuse
nebulae that emit non-thermal radiation. Pulsar winds, relativistic magnetized outflows from the
central star, shocked in the ambient medium produce a multiwavelength emission from the radio
through gamma rays. Although the leptonic scenario is able to explain most PWNe emission, a
hadronic contribution cannot be excluded. A possible hadronic contribution to the high-energy
gamma-ray emission inevitably leads to the production of neutrinos. Using 9.5 years of all-sky
IceCube data, we report results from a stacking analysis to search for neutrino emission from 35
PWNe that are high-energy gamma-ray emitters. In the absence of any significant correlation, we set
upper limits on the total neutrino emission from those PWNe and constraints on hadronic spectral
components.
1. INTRODUCTION
Galactic cosmic rays (CRs) are believed to reach en-
ergies of at least several PeV, the ”knee” in the cos-
mic ray spectrum. Their interactions should generate
gamma rays and neutrinos from the decay of secondary
pions reaching hundreds of TeV. Because high-energy
gamma rays can also originate in leptonic scenarios, the
smoking gun for the identification of a Galactic cosmic
accelerator relies on identifying a high-energy neutrino
source.
The observation of high-energy neutrinos of astrophys-
ical origin with IceCube (Aartsen et al. 2013a, 2014a)
opened a new front in the search for Galactic cosmic
ray accelerators. Since the discovery, IceCube has con-
ducted analyses searching for the sources of cosmic neu-
trinos. Potential sources in the Galaxy are pre-identified
from the catalogs of high-energy gamma-ray emitters in
the Galaxy as high-energy gamma rays are supposed to
be accompanied by their neutrino counterparts, if the
sources are hadronic. In an early survey of the very-
high-energy (VHE) gamma rays (100 GeV to 100 TeV)
sky by Milagro (Abdo et al. 2007), a handful of sources
were identified as the brightest objects after the Crab
Nebula. Early predictions hinted at the possibility of
identifying these sources within few years of IceCube op-
eration (Halzen et al. 2008; Gonzalez-Garcia et al. 2009).
Further observations by Milagro, together with other
imaging atmospheric Cherenkov telescopes (IACTs) and
water Cherenkov telescopes, surveys by H.E.S.S (Ab-
dalla et al. 2018) and HAWC (Abeysekara et al. 2017)
for instance, provided a better and more comprehensive
view of the Galactic plane at high energies. Interest-
ingly, the majority of these objects were found to be
pulsar wind nebulae.
∗ Deceased
Pulsar wind nebulae (PWNe) are diffuse nebulae con-
fined inside supernova remnants (SNR) that are powered
by pulsar winds generated by the highly spinning and
magnetized pulsars in the center. According to observa-
tions mentioned above, PWNe are the most numerous
TeV gamma-ray emitters in the Milky Way.
The photon emission of PWNe is believed to be mainly
from relativistic electron-positron pairs which are the
primary components of the pulsar winds. These magne-
tized winds are powered by the rotational energy of the
central pulsars. In this leptonic scenario, the low-energy
emission (radio, optical and X-ray) is dominated by syn-
chrotron emission of relativistic leptons and the inverse
Compton scattering (ICS) of synchrotron photons be-
comes dominant at high energies (TeV). The leptonic
scenario can accommodate the photon spectrum from
radio wavelengths to TeV (Kargaltsev & Pavlov 2010).
However, the presence of hadrons coexisting with lep-
tons is still uncertain and to date cannot be excluded by
either theory or observation. The hadronic mechanism
was first discussed in the context of the VHE gamma-
ray emission of the Crab Nebula, where protons accel-
erated in the outer gap of the pulsar interacting with
the nebula (Cheng et al. 1990) and heavy nuclei acceler-
ated in the pulsar magnetosphere interacting with soft
photons (Bednarek & Protheroe 1997). In addition, neu-
trino emission from PWNe has been studied for cosmic
ray acceleration at the termination shocks followed by
interactions in the source region with photons or nu-
clei (see e.g. Guetta & Amato 2003; Amato et al. 2003;
Bednarek 2003; Lemoine et al. 2015; Palma et al. 2017).
Even minor contaimination of ions at the termination
shock would lead to considerable amount of energy con-
tents released in hadrons. In such scenario, a neutrino
flux is expected due to hadronuclear interactions (see
Amato & Arons 2006, for details).
VHE gamma-ray emission from PWNe and the possi-
bility of their hadronic origin render PWNe of interest to
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IceCube. Previous IceCube searches have set upper lim-
its on the neutrino flux from a list of individual PWNe
(Aartsen et al. 2013b, 2014b, 2017a) and also a stacking
search on nine PWNe using seven years data has been
performed (Aartsen et al. 2017b). Assuming part of the
TeV gamma-ray emission from PWNe is hadronic, we
report a stacking analysis on 35 TeV PWNe using 9.5
years of IceCube all-sky neutrino data.
2. SEARCH FOR NEUTRINO EMISSION
2.1. Source Selection
In astrophysical beam dumps, when accelerated cos-
mic rays interact with matter or ambient radiation,
both neutral and charged pion secondaries are produced.
While charged pions decay into high-energy neutrinos,
neutral pions decay and create a flux of high-energy
gamma rays. Therefore, in the context of multimes-
senger connection, high-energy neutrinos are inevitably
accompanied by pionic gamma rays. PWNe with de-
tected VHE gamma rays are of interest in the context
of multimessenger astronomy, for possible hadronic ori-
gin in addition to photons scattered to higher energies
via ICS. Therefore, in this search, we consider sources
identified as PWNe with gamma-ray emission higher
than 1 TeV. These are sources observed by the high-
energy gamma-ray telescopes HAWC, H.E.S.S, MAGIC,
and VERITAS, which currently observe the highest en-
ergy photons. The associated pulsars of these PWNe
are listed in the Australia Telescope National Facility
(ATNF) catalog (Manchester et al. 2005). The source
list is presented in Table 3 along with detailed informa-
tion on the position, extension, age, period, and gamma-
ray spectrum of each source.
2.2. Method
Here, we use an unbinned maximum likelihood to per-
form a stacking search for neutrino emission from TeV
PWNe. This analysis seeks a significant excess of neu-
trino events (signal) from directions interested above the
background of atmospheric neutrinos and diffuse astro-
physical neutrinos. The method is described in Braun
et al. (2008). Stacking potential sources together is an
effective way to improve the sensitivity of a search for
neutrino sources (Achterberg et al. 2006). The unbinned
likelihood function for a stacking search is defined as
L(ns, γs) =
N∏
i
ns
N
M∑
j
ωjS
j
i + (1−
ns
N
)Bi
 , (1)
where ns is the number of signal events and γs is the
spectral index of a power-law spectrum. N is the to-
tal number of neutrino events and M is the number of
sources. Sji is the signal probability density function
(PDF) which corresponds to the ith event with respect
to the jth source. The normalized weight, ωj , deter-
mines the relative normalization of the signal PDF from
source j. Finally, Bi is the background PDF.
The PDFs are composed of the spatial part and
the energy part, therefore, for the signal Sji =
Ss(xj , xi, σij) × SE(Ei, γs) and similarly for the back-
ground Bi = 1/(2pi)B
δ(δi)×BE(Ei). xj is the location
of source j; xi, δi and Ei are the reconstructed loca-
tion, declination and energy of event i. For Sji , the
spatial clustering of signal events is modeled as a two-
dimensional Gaussian distribution. The width of the
spatial PDF, σij , representing the effective angular un-
certainty of event σi and the angular extension of source
σj , is defined as σij = (σ
2
i + σ
2
j )
1/2. An event energy
proxy is used to separate a potential hard-spectrum
signal from the softer spectrum background. We model
the signal spectrum as an unbroken power-law spec-
trum, E−γs , where the spectral index, γs, is assumed
to have a value between 1 and 4. In order to avoid
bias, we set the spectral index γs as a generic parameter
for all sources instead of using the measured index for
each source from gamma-ray observations. For Bi, it
is constructed from binning the experimental data in
the reconstructed declination and energy. 1/2pi arises
due to IceCube, located at the South Pole, has a uni-
form acceptance in right ascension. Since we search for
an excess of neutrino events from preassigned source
locations, the background is estimated by randomizing
the right ascensions of the experimental data sample
to remove any correlation with sources being tested.
The likelihood is maximized for two parameters: num-
ber of signal events, ns, and the spectral index, γs.
The null hypothesis presumes no signal-like event, i.e.,
ns = 0. The test statistic (TS) is defined by a maximal
log-likelihood ratio TS = 2 log[L(nˆs, γˆs)/L(ns = 0)] in
which nˆs and γˆs are the best-fitting values. A distribu-
tion of background TS values approximately following
χ2 distribution can be generated after randomizing the
neutrino map many times. The actual data can give the
observed TS. The p-value, which represents the proba-
bility that the background being able to create a TS the
same or larger than the observed TS, is defined as the
fraction of TS larger than the observed one in the total
background TS distribution.
2.3. Weighting
The weight term ωj is composed of two terms - a
”model” term ωj,model and a detector acceptance term
ωj,det, i.e.
ωj =
ωj,model · ωj,det∑M
j ωj,model · ωj,det
. (2)
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Figure 1. Sensitivities (90% CL) and 5σ discovery poten-
tials of different weighting schemes as a function of spectral
index for an unbroken power-law spectrum.
The detector acceptance term ωj,det can be deter-
mined by the spectrum and the effective area of the
detector for an event from the direction of the source
- ωj,det ∝
∫ Emax
Emin
E−γsAeff(θj , E)dE, where θj is the
zenith angle of source j. About the unknown model term
ωj,model, theoretical or observational arguments can be
used in the weights applied to each source in order to
test a specific hypothesis, such as correlation of neutrino
emission with a particular property of a source. Here, we
test for four distinct hypotheses by incorporating differ-
ent weighting schemes according to the main properties
of PWNe:
Equal weighting- In this scheme, ωj,model = 1,
which assigns the neutrino emission of each source the
same probability. Therefore, no preference is given to
any source and they are treated equally.
Gamma-ray flux weighting- This case assumes
that a plausible high-energy neutrino emission is di-
rectly proportional to the high-energy gamma-ray emis-
sion from each source. If this assumption is true, this
basically means that the observed high-energy gamma
rays are either partially or completely of hadronic ori-
gin. Here, we incorporate the gamma-ray flux at 1 TeV
as the weights. As indicated in Table 3, for sources in
the Northern sky, spectral measurements from MAGIC
and VERITAS are used; while for sources in the South-
ern sky, H.E.S.S is used as it is more sensitive in this
region. The HAWC observations are used for Geminga
and 2HWC J0700+143.
Pulsar spin frequency weighting- The energy car-
ried by the pulsar wind for the acceleration is taken from
the rotational energy of the pulsar as it emits radiation,
which results in the spin-down of the pulsar (Gaensler
& Slane 2006). Thus, the period of the pulsar is an
important measure of how energetic the pulsar is. Us-
ing frequencies as weights, faster spinning sources are
preferred in this scenario.
Age weighting- The characteristic age of a pulsar
is usually defined as τ = P
2P˙
where P and P˙ are the
period and its time derivative, respectively. This pa-
rameter is used to estimate the true age of a pulsar
under assumptions that the initial spin is much faster
than today and the energy loss is from magnetic dipole
radiation (Gaensler & Slane 2006). Here, 1/age is used
as the weight of each source. This assumption prefers
younger PWNe to be more energetic emitters.
2.4. Detector & Data Set
The IceCube Neutrino Observatory at the South Pole
has transformed a cubic kilometer of Antarctic ice into a
Cherenkov detector and has been monitoring the whole
sky continuously since 2008. The detector is an ar-
ray of digital optical modules (DOMs) each including
a photomultiplier tube and on-board read-out electron-
ics (Abbasi et al. 2010, 2009). The complete configura-
tion accomplished in 2010 is composed of 5160 DOMs
arranged in 86 strings from 1450 to 2450 meters be-
low the surface in Antarctic ice (Aartsen et al. 2017d).
The Cherenkov light emitted by the secondary parti-
cles produced in neutrino interactions are registered by
the DOMs, and particle trajectories are determined by
the arrival times of photons at the optical sensors. The
Table 1. IceCube Data Set
Sample Livetime Events
days #
IC 40 376.36 36900
IC 59 353.58 107011
IC 79 316.05 93133
IC 86 I 332.96 136244
IC 86 II 1058.48 338590
GFU 2015-2017 989.95 571040
Note—The data set used in this search.
The first seven years of data, IC40-IC86
II, are the same as data used in (Aart-
sen et al. 2017a,b) and the latter 2.5
years, GFU 2015-2017, are discussed in
(Aartsen et al. 2017c).
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Table 2. Results
weighting TS ns γ p-value Φ
90%, E−2.0
νµ+ν¯µ
Φ90%, E
−2.19
νµ+ν¯µ
Φ90%, E
−2.5
νµ+ν¯µ
Equal 0.81 40.43 3.84 23% 3.91 11.6 44.5
Frequency 0.26 18.00 3.81 38% 2.64 7.79 28.2
Flux 0.21 8.73 4.00 36% 1.74 4.57 14.9
1/Age 0 0 - - 1.07 2.82 10.7
Note—Best fits for TS, ns and γ. The last three columns are upper limit constraints on the stacking flux with a 90% CL.
The first one has a power-law spectrum E−2.0; the second has E−2.19, which is the measured astrophysical muon neutrino
spectrum by IceCube (Haack & Wiebusch 2018) and the last column follows E−2.5, which is the IceCube all-flavor combined
neutrino spectrum (Aartsen et al. 2015). They are all normalized at 1 TeV with units 10−12 TeV−1cm−2s−1.
number of photons observed along with their timings are
used to determine the energy deposited by charged sec-
ondary particles in the detector. While IceCube is able
to detect neutrinos of all flavors, long tracks resulting
from muon neutrino interactions can point back to the
sources with a typical angular resolution of less than 1◦
(Aartsen et al. 2017a).
In this analysis, we use 9.5-year all sky data collected
by IceCube between April 2008 and November 2017.
This includes seven years of data already studied for
neutrino point sources (Aartsen et al. 2017a) along with
additional data for the period of May 2015 and 2017
(Aartsen et al. 2017c). These 9.5 years of data corre-
spond to six distinct periods specified in Table 1. These
periods differ in detector configuration, data-taking con-
ditions, and event selections.
To estimate the performance of the analysis, source
emission is simulated to observe the detector response.
Sensitivities (90% confidence level (CL)) and discov-
ery potentials (5σ) for different weighting scenarios dis-
cussed in Sec. 2.3 are shown in Figure 1. For simulating
the neutrino emission, an unbroken power-law spectral
shape is assumed. The projected sensitivity shows, as
expected, that IceCube is more sensitive to sources with
a harder spectrum. The difference of the sensitivities
between weighting schemes is dependent on the weight
distribution which represents how significant we assume
one location is. For example, more sources in North-
ern sky with higher weights imply a better sensitivity to
IceCube.
3. RESULTS
We performed the unbinned likelihood analysis dis-
cussed in Sec. 2.2 for different hypotheses of neutrino
emission considering equal, frequency, gamma-ray flux,
and inverse age weighting. The results for these tests are
presented in Table 2. The largest excess was found in the
equal weighting scheme, yielding a fitted signal of 40.4
events with a p-value of 0.22, which shows no significant
correlation. Therefore, the isotropic background distri-
bution (null) hypothesis is preferred. Because none of
the tests led to a significant excess of fitted signal events
and the results are compatible with the null hypothesis,
we set upper limits on the total flux of high-energy neu-
trinos from PWNe for each hypothesis. Upper limits
with a 90% CL are presented for three different spectral
shape assumptions in Table 2.
4. DISCUSSION
Due to the apparent isotropy of astrophysical neutri-
nos observed by IceCube, An extragalactic origin is ex-
pected to be predominant. However, Galactic cosmic
ray accelerators are expected to contribute at a sub-
dominant level to the observed high-energy cosmic neu-
trino flux. The Galactic component of the high-energy
neutrino flux is constrained to ∼ 14% at 1 TeV (Aart-
sen et al. 2017b) of the combined diffuse neutrino flux
measured in (Aartsen et al. 2015). The upper limit
obtained in this study for neutrino emission from TeV
PWNe is consistent with this limit by showing no more
than ∼ 1.6% contribution to the combined flux in this
search. Considering the astrophysical muon neutrino
flux reported (Haack & Wiebusch 2018), the contribu-
tion of neutrino emission from TeV PWNe studied here
to the total neutrino flux is less than ∼ 4%. We note
that this limit is valid within the specific assumptions
of this analysis regarding the weighting and selection of
the sources and should not be applied or extended to
other hypotheses.
In the context of a multimessenger connection, neu-
trino fluxes can be related to the high-energy gamma-
ray flux; see (Ahlers & Murase 2014) for details. With
this connection, one can use the upper limit on the
neutrino flux to constrain the hadronic component of
the observed high-energy gamma-ray flux. Here, we as-
sume hadronuclear (i.e., proton-proton) interactions at
the source to convert neutrino fluxes to their gamma-ray
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Figure 2. Light gray lines are observed gamma-ray spec-
tra of the sources in this search, and the dark gray line is
the sum of those fluxes. The total uncertainty is estimated
by simply summing up the uncertainty of the flux of each
source. Red, orange, purple and blue steps show the differ-
ential upper limit on the hadronic gamma-ray emission. The
upper limits are obtained by converting 90% CL differential
upper limit on the neutrino flux, and each color corresponds
to a given weighting method. To avoid uncertainties from
extrapolation, the energy is limited to 100 TeV here.
counterparts. For proton-gamma interactions, one can
easily adjust proton-proton flux by a factor of 2, taking
account the different ratio of charged to neutral pions in
each process.
High-energy gamma-ray flux measurements extend to
tens of TeV, while IceCube neutrinos reach energies of
a few PeV. To avoid the large uncertainties in extrapo-
lation of the high-energy gamma-ray flux, we calculate
differential upper limits assuming an unbroken power-
law spectrum and convert the neutrino limits into upper
limits on a hadronic gamma-ray flux at energies below
100 TeV. Figure 2 shows the differential upper limits
for an E−2 spectrum for different hypotheses tests of
this study compared to the observed cumulative flux
of VHE gamma rays. As expected, the constraints are
stronger at higher energies. At energies between 10 and
100 TeV, the hadronic component of the high-energy
emission from these sources are constrained, if the neu-
trino emission is either correlated with the observed
gamma-ray emission or if younger PWNe are more ef-
ficient neutrino emitters. However, if the emission is
proportional to the pulsar’s frequency, upper limits are
marginally at the same level of the total gamma-ray
emission.
5. CONCLUSION & OUTLOOK
Galactic cosmic rays reach energies of at least sev-
eral PeV, and their interactions should generate gamma
rays and neutrinos from the decay of secondary pions.
Therefore, Galactic sources are expected to contribute
at some level to the total high-energy cosmic neutrino
flux observed by IceCube. In the initial survey of the
VHE sky by Milagro (Abdo et al. 2007), where the ob-
served gamma-ray flux in TeV was found higher than
the expected leptonic emission, promising sources had
been identified based on their spectra, assuming that
the highest energy gamma rays are pionic. Early esti-
mates showed that the observation of these sources were
likely in the lifetime of IceCube (Halzen et al. 2008;
Gonzalez-Garcia et al. 2009). Further observation of
the Galactic plane by IACTs provided more insight, and
updated estimates showed that IceCube would identify
those sources provided that the gamma-ray fluxes did
not cut off at low energies (Gonzalez-Garcia et al. 2014;
Halzen et al. 2017). Meanwhile, the majority of the
sources in the plane were identified to be PWNe. Lep-
tonic scenarios are generally more favored for describ-
ing the high-energy emission from PWNe. However, a
hadronic component cannot be excluded by current ob-
servations. Hadronic interactions at the source will in-
evitably result in the production of neutrinos that pro-
vide the smoking gun for the presence of the hadrons.
In this study, we examined the possible neutrino emis-
sion from PWNe with TeV gamma-ray emission. Thirty-
five sources were identified, and the results of the stack-
ing searches for the high-energy neutrino emission are
compatible with the isotropic arrival direction hypoth-
esis. In the absence of a significant excess of neutrino
events in the direction of these sources, we have set up-
per limits on the total neutrino emission and on the po-
tential hadronic component of the high-energy gamma-
ray flux.
Any evidence for presence (or absence) of the hadrons
in pulsar winds would provide important clues about the
mechanism of acceleration in these sources, for more de-
tails see e.g. (Amato 2014). The so-called σ problem
1 could be solved if the majority of the pulsar winds
1 σ problem refers to the conflicting scenario in theoretical mod-
elings of pulsar wind. σ presents the ratio of the wind Poynting
flux to its kinetic energy flux. While theoretical models of pulsar
magnetospheres and wind predict large σ, the 1D MHD simula-
tions of PWN cannot match shock size and expansion speed at
same time with high sigma.
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energy is carried by hadrons and further explain how
efficient acceleration of leptons is obtained in the termi-
nation shocks (Palma et al. 2017). The stacking analysis
presented here found upper limits at the level of the to-
tal observed high-energy gamma-ray emission indicating
that neutrino flux measurements getting close to deter-
mine the feasibility of such models.
In the future, more accurate measurement of the
VHE gamma-ray flux by HAWC and coming gamma-
ray observatories such as CTA (Acharya et al. 2018) and
LHAASO (Di Sciascio 2016) will shed more light on the
nature of the high-energy emission from the Milky Way.
From the perspective of neutrino detection, addition of
more years of data with continuous operation of IceCube
will improve the sensitivity of the search for Galactic
sources of cosmic neutrinos. The next step, IceCube-
Gen2, a substantial expansion of IceCube, will be 10
times larger. This next-generation neutrino observatory
with 5 times the effective area of IceCube is expected
to improve the neutrino source search sensitivity by the
same order (Aartsen et al. 2014c; Ahlers & Halzen 2014;
Aartsen et al. 2019). With higher neutrino statistics,
identifying Galactic sources will become more promis-
ing.
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